We use dynamic nuclear polarization (DNP) enhanced nuclear magnetic resonance (NMR) at liquid helium temperatures to directly detect hydrogen attached to the surface of silicon microparticles. The proton NMR spectrum from a dry sample of polycrystalline silicon powder (1-5 µm) shows a distinctively narrow Lorentzian-shaped resonance with a width of 6.2 kHz, indicative of a very sparse distribution of protons attached to the silicon surface. These protons are within a few atomic monolayers of the silicon surface. The high sensitivity NMR detection of surface protons from low surface area (0.26 − 1.3 m 2 /g) particles is enabled by an overall signal enhancement of 4150 over the room temperature NMR signal at the same field. When the particles were suspended in a solvent with 80% H 2 O and 20% D 2 O, the narrow peak was observed to grow in intensity over time, indicating growth of the sparse surface proton layer. However, when the particles were suspended in a solvent with 20% H 2 O and 80% D 2 O, the narrow bound-proton peak was observed to shrink due to exchange between * To whom correspondence should be addressed 1 arXiv:1610.06544v1 [cond-mat.mtrl-sci] 20 Oct 2016 the surface protons and the deuterium in solution. This decrease was accompanied by a concomitant growth in the intensity of the frozen solvent peak, as the relative proton concentration of the solvent increased. When the particles were suspended in the organic solvent hexane, the proton NMR spectra remained unchanged over time. These results are consistent with the known chemisorption of water on the silicon surface resulting in the formation of hydride and hydroxyl species. Low-temperature DNP NMR can thus be used as a non-destructive probe of surface corrosion for silicon in aqueous environments. This is important in the context of using silicon MEMS and bioMEMS devices in such environments, for silicon micro-and nano-particle MRI imaging agents, and the use of nanosilicon for splitting water in fuel cells.
Introduction
Water molecules are known to chemisorb onto the surface of silicon, resulting in the formation of both Si-H and Si-OH groups at the silicon surface. [1] [2] [3] It has been suggested that such oxidation of silicon in aqueous environments can lead to degradation of silicon-based bio-MEMS (microelectro-mechanical-systems) devices 4, 5 that have not been adequately encapsulated. 6 The interaction of water with the silicon surface is also important for the potential use of silicon nanoparticles as tracers in biomedical applications. Silicon nano-and micro-particles have been shown to be promising biomedical magnetic resonance imaging agents. 7, 8 The silicon-29 nuclear spins can be hyperpolarized using dynamic nuclear polarization (DNP) at cryogenic temperatures 9 and the long spin-lattice relaxation times of the silicon-29 spins in the the solid ensures that the polarization is preserved when the particles are warmed to room temperature, potentially offering significant advantages over dissolution DNP methods. 10 The silicon surface can also be bio-functionalized for targeted molecular imaging applications. 11 In the presence of a potassium hydroxide (KOH) activator, silicon nanoparticles have also been used to split water for hydrogen generation. 12 While nuclear magnetic resonance (NMR) spectroscopic techniques have long been used to provide both chemical and structural information at the atomic level, they have previously not been sensitive enough to detect most surface chemical species. The relative insensitivity of NMR is due to the small Zeeman energies (∼ µeV) available at typical laboratory magnetic fields. Since the magnetic moment of the electron is 658 times larger than that of the proton (hydrogen nucleus), the equilibrium polarization of the electron spins is correspondingly larger. During DNP, microwave irradiation of a coupled electron-nuclear system at or near the electron spin Larmor frequency results in a transfer of polarization from the electrons to the nuclear spins, significantly enhancing the nuclear spin polarization.
While much higher electron (and thus nuclear) polarizations can be achieved at liquid helium temperatures, the robust magic angle sample spinning (MAS) needed for the use of standard highresolution solid state NMR techniques with DNP has necessitated operation at liquid nitrogen temperatures. 13, 14 This technology, which has recently been commercialized, 15 has rapidly expanded the application of DNP. Such DNP-enhanced MAS NMR spectroscopy has emerged as an important methodological tool to study chemistry and structural ordering at surfaces and interfaces. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In these experiments a free radical polarizing agent is explicitly added into the solvent, or impregnated into the surface of the particles. Recently, Sangodkar et al. used DNP-enhanced MAS NMR at liquid nitrogen temperatures to study the competitive adsorption of organic molecules and water at the surface of of silicate particles. 22 Surfaces have also been studied with static DNP NMR using electron spins that are endogenous to the material, such as the dangling bonds present at the silicon-silicon dioxide interface 9, 26 or those present at the surface of diamond nanoparticles. 27, 28 At low field, Rej et al. demonstrated the use of DNP to measure the presence of adsorbed species at the surface of diamond nanoparticles. 29 Static DNP enhancements performed at liquid helium temperatures allow for significantly greater sensitivity, albeit potentially at the cost of spectral resolution. It should be noted, however, that experiments in which the MAS rotor is kept at liquid nitrogen temperatures while the sample is further cooled to liquid helium temperatures have been demonstrated. 30 In this paper we use static DNP-enhanced NMR at liquid helium temperatures to directly detect the protons attached to the surface of silicon microparticles. For a dry silicon powder sample (1-5 µm polycrystalline silicon -Alfa Aesar) the DNP-enhanced proton NMR spectrum is a relatively narrow Lorentzian-shaped resonance with a width of 6.2 kHz, indicative of sparsely distributed protons that are isolated from each other. These protons are within a few atomic monolayers of the silicon surface. The high sensitivity DNP NMR signal detection is enabled by an overall signal enhancement of 4150 over the room temperature NMR signal at the same field. At cryogenic temperatures, molecular motions are frozen and the dominant spin-spin interaction is the magnetic dipolar coupling between the spins. The linewidth of the measured NMR spectra indicate the strength of the magnetic dipolar couplings, which in turn are determined by the spatial distribution of the spins. We also probe the interaction of the silicon powders with three different solvents by first measuring DNP-enhanced proton NMR spectra from the freshly suspended particles, and then repeating the experiments five days later to characterize any signal changes induced by solvent particle interactions. The magnitude of the narrow Lorentzian peak was observed to change over time when the particles were suspended in aqueous solvents, but remained unchanged when the particles were suspended in hexane.
Results and Discussion

DNP of dry particles
Figure 1(a) shows a cartoon of the surface of the dry silicon particles with hydride and hydroxyl groups attached to the surface as well as the presence of silicon dangling bonds. It is known that the surfaces of semiconductors such as silicon always have a significant interfacial density of dangling bond defects due to the lattice mismatch between the silicon and the silicon dioxide that grows on the surface cleavage planes. For silicon micro and nanoparticles, the unpaired electrons of the dangling bond are naturally localized at the surface of the particle, while the interior core of the particles remains relatively defect free, 9 which benefits the NMR study of surfaces with DNP. Figure 1 millimeter waves are generated using a previously described millimeter wave source 31 and the techniques used to produce the frequency modulation of the millimeter waves are described in the Methods section. Before each measurement, a 50-pulse saturation train was applied to the spins (inset of Figure 1 (d)) to destroy the equilibrium nuclear magnetization. Following the saturation train, the nuclear spin polarization was allowed to build up -either in the presence (DNP) or absence (no DNP) of millimeter wave irradiation -for a duration of 256 s, and the NMR signal measured using a π/2 readout pulse. The duration of the π/2 pulse is 1.5 µs, corresponding to an excitation bandwidth of ∼ 170 kHz.
Figure 2(a) shows that the proton NMR spectrum following FM DNP is very well fit by a 6.2 kHz wide Lorentzian-shaped resonance line. The width of a magnetic resonance spectral line is typically determined either by the inhomogeneity of the magnetic field across the sample or the strength of the magnetic dipolar couplings experienced by the spins. 32 The strength of the magnetic dipolar coupling (ω d ) between two spins is inversely proportional to the distance between them. At high magnetic fields, the coupling also has an angular dependence as shown in the inset of Figure   2 (a). In proton-dense solids, typical dipolar-determined resonance linewidths are on the order of 50-100 kHz. The proton spectra measured from the silicon powder is similar to those observed in previous NMR studies of hydrogenated-amorphous silicon films in device-quality wafers (with 8-20 at. % hydrogen). [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] These studies identified two dominant features of the spectrum that were present at temperatures ranging from room temperature down to liquid helium temperatures:
a relatively narrow line with a width of about 4 kHz associated with sparsely distributed siliconmonohydride species (with ∼ 4 at. % hydrogen 38 ) and a broader component on the order of [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] kHz associated with clusters of the mono-hydride. The spacing between protons contributing to the narrow spectral line was estimated to be 6-8 Å. 40 Here, the observed NMR spectrum contains contributions from both hydride and hydroxy protons, as the spectral features of both species are likely to overlap.
Figure 1(d) shows that frequency modulation of the microwaves significantly improve DNP efficiency. FM DNP has previously been shown to improve signal enhancement by factors of 2-10, depending on the sample and the experimental conditions, 7, 31, 43, 44 in systems that hyperpolarize via the cross effect. 43, 45 The cross effect is a 3-spin process involving one nuclear spin and two dipolar-coupled electron spins whose Larmor frequencies differ by the nuclear Larmor frequency.
Millimeter wave irradiation at either of the electron spin resonance frequencies leads to a polar- 
DNP of suspended particles
We probed the interaction of the silicon powders with three different solvents by first measuring DNP-enhanced proton NMR spectra from the freshly suspended particles, and then repeating the experiments five days later to characterize any interaction-induced changes.
Freshly-prepared samples The solvent peak enhancements for the D 2 O-rich sample were ε CF = 1.3 and ε FM = 4.2, and ε CF = 5.8 and ε FM = 16.5 for the hexane sample. These solvent peak enhancements are reduced compared to the narrow signal since only a small fraction of these molecules are in hyperfine contact with the electron spins, 26 and spin diffusion is required to transfer the polarization from the vicinity of the surface to the bulk. 47 Spin diffusion is expected to be faster for hexane given the stronger dipolar coupling. Additionally, hexane is likely to form glassy matrix on freezing which prevent aggregation of the particles along crystallite boundaries, leading to larger DNP enhancements. 48 Note that care needs to be taken when interpreting the enhancements for the broad solvent signals as they are very sensitive to slight changes in the applied first-order phase correction, especially for the very broad hexane resonance. For the D 2 O-rich sample (middle), the intensity of the narrow peak was seen to drop significantly, and appeared to both shift in frequency and narrow in width. We attribute these changes to differential rates of exchange for the two surface-bound species with the deuterium atoms in the solvent. As the surface protons exchange with deuterium, their relative concentration drops, lowering both the intensity and the linewidth of the spectrum. This decrease was, again, observed across all the modulation parameters. Following this exchange between the solvent and the surface the relative proton concentration of the solvent should be higher in the aged samples, and the the frozen solvent signal is indeed observed to increase by a factor of 2 across all modulation parameters (see Supplementary Information) . Overall, the interaction of D 2 O with the surface is expected to be very similar to that of H 2 O, with chemisorption resulting in Si-D and Si-OD bonds. 49 Here we can see that the chemisorption is a dynamic process with continual exchange between the surface and solvent species. The hexane sample (bottom) shows no change in DNP behavior for either the narrow or broad components indicating little interaction between the silicon particles and the solvent.
Aged samples
Conclusions
We have demonstrated that DNP-enhanced proton NMR can be used to follow changes to the bound hydrogen at the surface of silicon microparticles, following chemisorption of the water molecules on the silicon surface. The narrow proton peak observed indicates the presence of randomly distributed hydrogen atoms that are relatively well-isolated from each other. These surface bound protons were clearly distinguishable from the broad solvent resonance even at a deuteration level of 80%.
To the best of our knowledge, the proton NMR spectrum from bound protons at the surface of silicon micro-particles has not previously been measured. In previous experiments performed at 2.35 T, we were able to measure DNP-enhanced proton NMR from frozen solvent molecules near the surface of the silicon microparticles, but were unable to see a proton signal from the dry particles. 26 The current experiments, performed at a higher magnetic field of 3. 
Material and Methods
Sample Preparation
For the DNP NMR experiments with the dry powder we used a 5 mm 3 cylindrical sample of the Alfa Aesar silicon particles placed in a glass capillary.
The suspended samples were prepared by mixing 100 mg of silicon powder with either 30 µl of preparation. After the experiment, the samples remained in the cryostat until they reached room temperature (≈ 12 hours), after which they were stored at ambient temperature for 5 days before being measured again.
FM waveform generation
The 94 GHz FM microwaves are generated using two mixing stages. The modulation is performed in the first mixing stage shown in Figure 5 . A triangular frequency-modulated waveform is programmed into a Tektronix AWG 7052 with a given ∆ f and f m . The carrier frequency for the modulated waveform was chosen to be 500 MHz, much less than the AWG's maximum 5Gs/s sample rate to avoid undersampling.
The 500 MHz frequency modulated signal is first amplified (Minicircuits ZX60-6013E-S+ amplifier), and then mixed with a 3.5 GHz carrier generated with a USB-based microwave synthe- GHz carrier and filtered to generate a 94 GHz modulated microwave signal which is fed into the DNP probe. 31 
SEM and FTIR measurements
The SEM image in Figure 1 traction to the sample spectrum. The sample was then loaded into the chamber after which the chamber was purged with nitrogen gas for 2 minutes. Both spectra were acquired using 64 scans at 0.5 cm −1 resolution. The sample spectrum was baseline corrected by subtracting a 3rd order polynomial fit to the baseline.
Data Analysis
The NMR spectra in all the figures were generated using matNMR. 50 For all the spectra, a DC offset correction was first performed using the average of last 51 points (205-256) of the time-domian FID to estimate the baseline. A left shift of 4 data points was then used to eliminate switching transients and pulse breakthrough effects. Given the 2.5 µs dwell time, this contributed an additional 10 µs to the original 5.5 µs dead time for the detection. Following a 1 kHz exponential line broadening, the data were fourier transformed and phased. To determine the appropriate phasing for the spectra, the highest SNR spectrum in an experimental series was phased and the others were phased identically.
In Figure 1 , the thermal spectrum was first attenuated by a factor of 16 to account for differences in experimental receiver gain.
In Figure 2 , the best fit was obtained using a single Lorentzian with a linewidth of 6.2 kHz.
The enhancements shown in the parameter space image of Figure 2 were obtained using the ratio of amplitudes of the corresponding Lorentzian spectral fits. A high SNR spectrum (∆ f = 30 MHz, f m = 10 kHz) was first fit to characterize the center and width of the spectra. These values were then fixed when fitting the amplitudes of all the other FM DNP spectra, the CF DNP spectrum and the thermal signal. The parameter space explored for the FM DNP contains a total of 50 data points, with the modulation amplitude ranging from 10-100 MHz in increments of 10 MHz and the modulation frequency ranging from 1 kHz to 10 MHz in powers of 10. The LOD-ESR spectra were smoothed using the Matlab smooth function (moving average filter with a span of 100) to reduce the noise level.
In Figure 3 The magnitudes of the fits for each component were then used to calculate the reported DNP enhancements. The Supplementary Information provides additional details on the spectral fits.
In Figure 4 , the amplitudes of the aged spectra were fit using the same center and width parameters determined from the freshly prepared samples. Excellent fits were obtained in all casessee Supplementary Information. The ratios of the fits to the narrow spectral line were then used to create the maps shown in the figure. Note that we observed small frequency shifts in the spectral peaks in different experiments, and occasionally observed the peaks to shift during a single cool down. We determined that changes in sample placement within the coil, and rotational variations in the probe position could lead to changes of line position by 1 kHz and 600 Hz respectively, due to the inhomogeneity of the magnetic field. The peak shifts during a cool down were due to changes in helium pressure shifting the sample within the coil. In order to compare the spectra from different experimental cooldowns, we shifted the centers of the aged peaks in Figure 4 to ensure overlap. The H 2 O-rich spectrum was shifted by 500 Hz, the D 2 O-rich spectrum was shifted by 1 kHz, and the hexane spectrum was shifted by 500 Hz.
Supplementary Data
Dry baseline signal We also measured the growth of the DNP signal as a function of millimeter wave irradiation time. Figure 8 shows the growth for the dry powder and for the narrow components for the freshly prepared samples of powder dispersed in mixtures of water and D 2 O. For each of these, the best fit was obtained with a stretched exponential, similar to those obtained in recent 13 C DNP experiments with diamond nanoparticles. 27 For the dry powder, the stretching exponent was 0.77 ± .07 and the characteristic time constant was measured to be T= 35 ± 10 s. For the H 2 O-rich and D 2 O-rich samples the stretching exponents were 0.64 ± .03 and 0.77 ± .05, respectively, and the characteristic time constants were T= 58±10 s for the H 2 O-rich and T= 98±30 s for the D 2 O-rich sample, significantly longer than the dry powder. The stretched exponential growth of the narrow component is likely due to a distribution of electron-nuclear interaction strengths, as spin diffusion effects are unlikely to play a role in DNP here.
The inset of Figure 8 shows the buildup curves for the broad component of the freshly prepared D 2 O-rich sample. This was best fit with a sum of two exponentials. The time constants were 204.9 ± 92.4 s (∼22 %) and 4168 ± 1599 s (∼78 %) for the D 2 O-rich sample. The bi-exponential behavior is due to different compartments of spins at different distances to the dangling bond defects. Solvent spins that are closer to the surface of the particles are in direct hyperfine contact with the dangling bond electron spins and experience faster polarization buildup, which those located farther from the particle surface, rely on spin diffusion to polarize. Figure 9 shows image plots of the ratio of the amplitude of the broad peak in the aged sample to the amplitude of the broad peak in the freshly-prepared sample for all the frequency modulation parameters, for both the D 2 O-rich sample (top) and the hexane sample (bottom). The broad component for the D 2 O-rich sample sample is seen to increase by about a factor of two during aging, as the surface protons enter solution following exchange with the deuterium. The broad component of the hexane sample remains unchanged, consistent with the narrow component also remaining unchanged. The ratios were calculated using the amplitudes of the fits to the broad spectral components of both the fresh and aged spectra. Figure 10 shows the signal-to-noise ratios for each of the freshly-suspended samples. The standard deviation of the first 10 points in the spectral domain of the baseline signal was used to characterize the noise. This standard deviation was observed to be remain the same across almost all the spectra measured. In some measurements we observed random transient spikes in the time domain -which led to oscillatory features in the baseline, preventing accurate estimates of the noise in individual experiments. The enhancement pattern is similar to that observed with the dry powder (see Figure 10 
Broad Component Behavior
Signal-to-Noise Ratios
